Innate immune responses are triggered by the engagement of Toll-like receptors (TLRs) or other patternrecognition receptors (PRRs) by bacterial, viral or fungal components 1, 2 . Ligation of PRRs initiates various immune responses, including the production of cytokines and the initiation of pro-inflammatory and adaptive immune responses. Interferons (IFNs) are produced in response to these stimuli and are often crucial for the induction of effective immunity [3] [4] [5] [6] . Recent studies have shown that many members of the tripartite motif-containing (TRIM) superfamily are expressed in response to IFNs and are involved in a broad range of biological processes that are associated with innate immunity 7, 8 . The TRIM or RBCC motif, which defines this superfamily, comprises a RING domain, one or two B-box domains and an associated coiled-coil domain in the amino-terminal region 7, 9 . The presence of a RING domain, which can mediate the conjugation of proteins with ubiquitin, with small ubiquitin-like modifier (SUMO) or with the ubiquitin-like molecule IFN-stimulated protein of 15 kDa (ISG15), contributes to the biological flexibility of TRIM proteins. In addition, TRIM proteins often self-associate through their coiledcoil domains to form large protein complexes that occupy discrete cytoplasmic or nuclear subcompartments 7 . In addition to their role in innate immunity, TRIM proteins are involved in a broad range of biological processes, including some that underlie genetic disorders, neurological disorders and cancers
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In this Review, we discuss recent findings that illustrate the involvement of TRIM proteins in innate immunity and, in some cases, in genetic diseases and autoimmunity. We focus on the recent explosion of information on the effects of TRIM proteins on the life cycle of HIV and their involvement in the signalling pathways that are triggered by TLRs and other PRRs.
TRIM proteins
The most striking feature of TRIM superfamily proteins is the highly conserved order of domains in the RBCC motif [10] [11] [12] (TABLE 1) . The conservation of this domain ordering in TRIM proteins from various species indicates that the RBCC motif is the defining characteristic of this superfamily. In family members that lack one of the domains of the RBCC motif, the other domains are conserved in order and spacing. Structural analyses of these domains in several family members have greatly increased our understanding of the contribution of each domain to TRIM protein function.
The RING domain. The RING domain is a zinc-binding motif that is located within 10-20 amino acids of the first methionine in the N-terminal portion of almost all TRIM proteins 7, 9 . General insights into the function of RING domains came primarily from studies of the The covalent conjugation of ubiquitin, a 76 amino-acid protein, to other proteins. In addition to targeting proteins for proteasome-mediated degradation, ubiquitylation affects protein stability, trafficking and gene expression, among other functions.
E3 ubiquitin ligase
An enzyme that covalently attaches ubiquitin to specific target proteins at defined lysine residues, resulting in monoubiquitylation, multiubiquitylation or polyubiquitylation of the target protein. E3 ubiquitin ligases act together with a ubiquitinactivating enzyme (E1) and a ubiquitin-conjugating enzyme (E2).
RING-domain-containing protein CBL (Casitas B-lineage lymphoma), which showed that RING domains mediate ubiquitylation events [13] [14] [15] . Crystal and solution structures for RING domains of TRIM family members have recently been described (see Supplementary information S2 (figure)). The RING domains of many TRIM family members, including TRIM5α, TRIM8, TRIM11, TRIM21 (also known as RO52), TRIM22 and TRIM25, have now been shown to confer E3 ubiquitin ligase activity, which allows them to mediate ubiquitylation events [16] [17] [18] [19] [20] [21] [22] . The e3 ubiquitin ligase activity of the RING domain is now known to be crucial for the anti-HIV functions of some TRIM proteins and for mediating their effects on signalling pathways following innate immune receptor triggering (TABLE 2; see later). Interestingly, TRIM25 can also modify itself and other proteins by conjugating ISG15 in a RING-domain-independent manner 23, 24 . Furthermore, the RING domains of both promyelocytic leukaemia (PML; also known as TRIM19) and TRIM63 are known to associate with the SUMO-conjugating enzyme UBe2I (ubiquitin-conjugating enzyme e2I), which suggests that they might be involved in sumoylation 10 .
The B-box domains. The B-box domains are also zincbinding motifs, and B-box 1 and B-box 2 have different consensus sequences between members of the TRIM superfamily. TRIM proteins can contain one or both of these elements, although B-box 1 is never present without B-box 2 (TABLE 1) . Structural studies of several human TRIM B-box 1 and B-box 2 domains have shown that they have ternary structures that are similar to those of RING domains, which suggests that all three domains have evolved from a common ancestral domain (see Supplementary information S2 (figure)).
B-box domains have been shown to contribute to innate resistance to HIV and to the development of a genetic disorder that shows a mendelian pattern of inheritance. More specifically, studies of the HIV restriction factor TRIM5α showed that B-box 2 influences the recognition of the viral capsid by the carboxy-terminal PRYSPRY domain 26 and the ability of TRIM15 to mediate HIV restriction 27 . In addition, mutations in both B-box domains of midline 1 (MID1; also known as TRIM18) have been identified in patients with X-linked Opitz G/ BBB syndrome 28,29 (TABLE 2) . This syndrome is characterized by malformations of the ventral midline, including increased distance between the eyes and abnormally placed opening of the male urethra. Most MID1 mutations in patients with this syndrome are found in the C-terminal fibronectin type 3 and PRYSPRY domains (see later), with fewer mutations found in the B-box 1 or coiled-coil domains 30 . C-I  MID1, MID2, TRIM9, TRIM36, TRIM46, TRIM67   C-II  TRIM54, TRIM55, TRIM63   C-III  TRIM42   C-IV  TRIML1, TRIM4, TRIM5α, TRIM6, TRIM7, TRIM10,  TRIM11, TRIM15, TRIM17, TRIM21, TRIM22, TRIM25,  TRIM26, TRIM27, TRIM34, TRIM35, TRIM38, TRIM39,  TRIM41, TRIM43, TRIM47, TRIM48, TRIM49, TRIM50,  TRIM53, TRIM58, TRIM60, TRIM62, TRIM64, TRIM65,  TRIM68, TRIM69, TRIM72, TRIM75   C-V  PML, TRIM8, TRIM31, TRIM40, TRIM52, TRIM56,  TRIM61, TRIM73, TRIM74   C-VI  TRIM24, TRIM28, TRIM33   C-VII  TRIM2, TRIM3, TRIM32, TRIM71   C-VIII  TRIM37   C-IX  TRIM23   C-X§   TRIM45   C-XI§   TRIM13, TRIM59 *A more detailed structure for each human tripartite motif-containing (TRIM) family member is presented in Supplementary information S1 (figure). ‡
The classification of nine human TRIM protein families denoted C-I to C-IX is based on differences in carboxy-terminal-domain composition as defined by Short and Cox
36
. § Two new families have been added to reclassify TRIM proteins based on new sequence information.
||
Dotted outlines indicate domains that are not present in all TRIM family members. ARF, ADP ribosylation factor-like; B, B-box; BR, bromodomain; CC, coiled-coil; COS, C-terminal subgroup one signature; FN3, fibronectin type 3; FIL, filamin-type immunoglobulin; MATH, meprin and tumour-necrosis factor receptor-associated factor homology; MID, midline; N-terminal, amino-terminal; PHD, plant homeodomain; PML, promyelocytic leukaemia; R, RING finger; TM, transmembrane. Nature Reviews | Immunology 
Nuclear bodies
Punctuated, dot-like structures in the nucleus that are visible through a light microscope. The interferon-inducible proteins promyelocytic leukaemia (PML), SP100 and ISG20, as well as SUMO1, are found in nuclear bodies.
MID1 is generally present in the cytoplasm and associated with microtubules. The RING domain of activated MID1 has e3 ubiquitin ligase activity, which mediates the ubiquitylation of the microtubule-associated phosphatase PP2AC (protein phosphatase 2, catalytic subunit, α isoform), which leads to PP2AC protea somal degradation and displacement from microtubules 29 . The mutations in MID1 result in its cytosolic accumulation and in the aberrant localization of PP2AC, thereby altering the normal regulatory functions of PP2AC in epithelial-mesenchymal-cell transition, programmed cell death and cell migration, all of which are crucial for the proper development of midline structures.
The coiled-coil domain. The B-box domains are almost always followed by a coiled-coil domain, which is a motif found in many proteins families. This domain mediates homomeric and heteromeric interactions among TRIM family members and other proteins, in particular self-association. Sequence and structural studies have shown that these domains are diverse and that they vary from structures with a single continuous coil to ones with three contiguous but non-continuous coiled subdomains (see Supplementary information S1, S2 (figures)). Protein-protein interactions involving coil-coiled domains promote the generation of high-molecular-mass complexes 31 that, among other functions, define specific subcellular structures 7 . Perhaps the best known example is the assembly of macromolecular nuclear structures that are termed nuclear bodies, which are composed of the sumoylated scaffolding protein PML and numerous other proteins that have been implicated in various cellular processes (recently reviewed in REFS 32,33). In addition, *Based on UniProt Consortium database. ‡ ↑ indicates expression is induced by IFNγ and LPS; ↓ indicates expression is downregulated; ↔ indicates expression is unaffected. AML, acute myeloid leukaemia; FMF, familial Mediterranean fever; IFNγ, interferon-γ; LPS, lipopolysaccharide; MEFV, Mediterranean fever; MID, midline; MURF1, muscle ring-finger protein 1; NA, not applicable; ND, not determined; PML, promyelocytic leukaemia; SLE, systemic lupus erythematosus; TIF1B, translation-initiation factor 1B; TRIM, tripartite motif-containing.
Familial Mediterranean fever
(FMF). The most common familial inflammatory disease that is characterized by self-limited attacks of fever and serositis. FMF is transmitted in an autosomal recessive pattern and is caused by mutations in the PRYSPRY domain of the MEFV gene, which encodes the protein pyrin.
it has been established that the coiled-coil domain of TRIM5α is required for trimerization and has an important role in the restriction of viral infectivity by this TRIM protein 34, 35 .
Classification and C-terminal domains
The classification of human TRIM family members, which was devised by Short and Cox 36 , is based on the composition of sequences in the C-terminal region in relation to the RBCC motif. The C-terminal region can contain any of 10 distinct motifs alone or in combination, which results in the designation of 9 families, C-I to C-IX 36 (TABLE 1) . This classification system highlights the association of particular domains with: specific subcellular localization (for example, families with members that contain the COS (C-terminal subgroup one signature) domain localize with microtubules); cell-specific expression (C-II family members are expressed by muscle cells); and function (C-VI family members are associated with transcriptional regulation). We have provisionally added two new families to this classification system: the C-X family and the C-XI family. More specifically, the C-X family includes TRIM45, which was previously included in the C-VII family but is no longer thought to have NHL repeats. In addition, the C-XI family includes TRIM13 and TRIM59, which were previously included in the C-IV family (members of which do not have a recognized C-terminal domain) but were recently shown to have C-terminal transmembrane domains. If other TRIM proteins are found to have transmembrane domains, we propose that they should fall into this category. At least nine other proteins appear as TRIM family members in searches of various databases, such as those of the HUGO Gene Nomenclature Committee or the UniProt Consortium. However, these proteins are not considered to be true TRIM proteins as they all lack RING domains and other elements of the canonical RBCC motif.
The COS box. The COS box is localized immediately downstream of the coiled-coil sequences in a subset of TRIM family members, but also in several non-TRIM proteins 36 . Studies have shown that this sequence is responsible for mediating binding to microtubules 33 . MID2 (also known as TRIM1), which has a COS box, has been shown to have antiretroviral activity 37, 38 . The PRY and SPRY domains. The C-terminal sequences that are most commonly found in TRIM family members are the ~61-amino-acid PRY and ~140-amino-acid SPRY domains. These domains are present in 11 different human protein families, but most prominently in human and mouse TRIM family members 39, 40 . The SPRY domain is found alone in 39 human TRIM family members, and is fused to the PRY domain (to form the PRYSPRY domain; also referred to as B30.2) in 24 family members (see Supplementary information S1 (figure)). The SPRY domain is evolutionarily ancient and can be found in animals, plants and fungi. By comparison, the PRYSPRY domain is found only in vertebrate species, including humans, mice, chickens and frogs 41 . The recent evolution of SPRY to PRYSPRY and the expansion in the number of genes that contain this domain has interesting parallels to the evolution and expansion of immune receptors that occurred after the appearance of adaptive immune mechanisms 42, 43 . The possibility that this expansion is indicative of selective pressures for immune defence is suggested by the contribution of the PRYSPRY domain TRIM5 orthologues to the innate immune restriction of retroviruses in various species 19 ,34,38, [44] [45] [46] . Analysis of the crystal structure of the PRYSPRY domain reveals that it is a dimer in which a donor sequence from one molecule binds to an acceptor sequence from the other molecule to form a putative interaction site, which is similar to the interaction seen in antigen-antibody complexes 40 . This suggests that the PRYSPRY domain can bind to target proteins that present donor strands with different sequences, and might imply that sequence polymorphisms in the donor-acceptor sequences of the 24 PRYSPRY-domain-containing TRIM proteins may specify discrete sets of target proteins that uniquely contribute to the function of each member.
Strikingly, mutations in the non-conforming (that is, does not contain a RING domain) TRIM protein MeFV (Mediterranean fever; also known as TRIM20) that are responsible for the hereditary disease familial Mediterranean fever (FMF) 47, 48 (TABLE 2 ) map precisely to this interaction site, which suggests that these mutations interfere with the ability of the PRYSPRY domain to interact with its targets. How the FMF-associated mutations lead to increased inflammation is not yet clear, but it is possible that they alter the activity of pyrin, which is encoded by MEFV, thereby leading to the dysregulated activation of interleukin-1β (IL-1β) and nuclear factor-κB (NF-κB) 48 . Our understanding of how PRY and SPRY sequences interact to exert their combined biological effects is still limited. However, recent structural studies of the PRYSPRY-containing autoantigen TRIM21 showed that it is a unique Fc receptor for IgG, and that binding of TRIM21 to the immunoglobulin heavy chain sequences of IgG is mediated through two binding pockets, one in the PRY domain and the other in the SPRY domain 12, 49 (see Supplementary information S2 (figure) ). This binding mechanism is unlike that of known mammalian Fc receptors for IgG and might allow TRIM21 to crosslink the B-cell receptor, thereby resulting in T-cell-independent B-cell activation as a trigger for autoimmunity.
Other C-terminal domains. The C terminus of TRIM family members can also contain various other domains (TABLE 1) . More specifically, fibronectin type 3 (FN3) domains, which can contain binding sites for DNA and heparin, are found in some TRIM proteins. The C-VI TRIM family proteins have plant homeodomains (PHDs), which are found in nuclear proteins and are thought to be involved in chromatin-mediated transcriptional regulation. In TRIM proteins, PHDs are always paired with bromodomains, which recognize acetylated lysine residues such as those on the N-terminal tails of histones. This pairing mediates transcriptional repression [50] [51] [52] [53] . Moreover, domains with multiple NHL repeats of 40 residues can be involved in protein-protein interactions. In addition, filamin-type immunoglobulin domains might be involved in dimerization and actin crosslinking. Finally, ADP ribosylation factor-like (ARF) domains are involved in intracellular vesicular trafficking, and a MATH (meprin and tumour-necrosis factor receptor (TNFR)-associated factor (TRAF) homology) domain is necessary and sufficient for self-association and receptor interactions by some TRAF proteins. The contribution of many of these domains to the regulation of innate immune responses has yet to be established, but the contribution of other domains is well known.
Expression patterns of TRIM proteins
The tissue distribution of mRNAs and proteins that are encoded by various TRIM genes is extremely heterogeneous 7, 36 (see Tigem and GeneCards websites). Nearly half the genes are ubiquitously expressed in adult tissues, whereas the expression patterns for the other genes can vary from a single tissue to multiple organs. Mouse Trim30 is the only TRIM gene that is known to have restricted expression in adult haematopoietic tissue and is only expressed in the spleen 7 . By using enhanced green fluorescent protein (eGFP)-TRIM fusion proteins, several distinct expression patterns of TRIM proteins in the cytoplasm or nucleus of transfected cells have been observed 7, 36 . Co-localization studies using these fusion proteins and specific markers for well-defined cytoplasmic and nuclear structures (such as mitochondria, Golgi apparatus and spliceosomes) showed that all the TRIM proteins, with the exception of MID1 and MID2, occupy previously unrecognized subcellular compartments 7, 36 . Mutations that altered the coiled-coil domains resulted in a diffuse redistribution of these proteins, which supports a role for the coiled-coil domain in TRIM protein multimerization. Furthermore, proteins with mutations in the RING or B-box domains either showed altered localization or formed aberrant structures. These observations indicate that individual TRIM proteins may function in unique subcellular compartments.
It should be noted that many TRIM genes have differentially spliced isoforms, which can exhibit different subcellular distributions and protein-protein interactions 7 . For example, there are approximately nine or more isoforms of PML that can localize to either the nucleus or the cytoplasm, and this differential localization is responsible for achieving different functions 33, 54 . In addition, individual isoforms might be differentially susceptible to post-translational modifications, including ubiquitylation, sumoylation, ISGylation and phosphorylation, which can markedly affect protein expression levels 55 and subcellular localization 56 .
TRIM proteins and retroviral infections
A recent study showed that HIV requires more than 250 host factors for successful infection 27 . In addition to host factors that are hijacked by viruses, many elements of the innate immune system are directed at containing viral spread before the adaptive immune system becomes involved. Some of the factors that are used by the innate immune system to confer resistance to retroviruses include the mouse retroviral restriction factor Fv1 (Friend-virus-susceptibility factor 1) 57,58 and a family of cytidine deaminases that is exemplified by human APOBeC3G (apolipoprotein-B mRNA-editing enzyme, catalytic polypeptide-like 3G) 59, 60 . Interestingly, rhesus monkey TRIM5α (rhTRIM5α) was the first prominent example of species-specific retroviral restriction by a component of the innate immune response; rhTRIM5α functions as the main inhibitor of HIV-1 replication in Old World monkey cells 44 . Although emerging roles for additional TRIM proteins in restricting infection by HIV and other retroviruses have been previously described 11, 61 , a series of studies that was published this year has greatly expanded our understanding of the function of several TRIM proteins with antiretroviral activity 22, 27, 38 . Although much is known about the relationship between mouse TRIM proteins and murine leukaemia viruses (MLV), in this Review we mainly discuss HIV. (FIG. 1) .
Restricting
For most TRIM proteins, the exact point of intersection with the viral life cycle and the precise mechanisms of action are not known. It should be noted that almost all the current information on the effect of TRIM proteins on HIV infection comes from studies of a limited number of cell lines in which the TRIM proteins were overexpressed or knocked down. Therefore, the current information may not relate to events in different cell linea ges, states of differentiation or activation, functions of alternative transcripts or varying post-translational modifications. With this caveat in mind, several generalizations can be made. First, distinct TRIM proteins function at specific stages of the HIV life cycle. This finding is in keeping with the idea that mammalian species have been subject to selection pressures by similar pathogenic retroviruses, even though no mouse lentiviruses have been identified. Second, although the effects of most TRIM proteins are inhibitory, a minority can function to promote HIV infection 38 . Third, individual TRIM proteins, such as TRIM11 and TRIM22, can inhibit different stages of the viral life cycle. Fourth, evolutionary sequence conservation between humans, mice and other species, such as rhesus monkeys, cannot necessarily be equated with conservation of function 41 . The effects of individual TRIM family members on specific steps of the HIV life cycle include: interference with uncoating of the viral pre-integration complex by human TRIM5α and rhTRIM5α but not by the mouse homologue 19, 34, 38, 44 ; repression of viral gene expression by TRIM11 and TRIM32 (and possibly by TRIM22, although these findings are debated) 38, 62, 63 ; and inhibition of viral assembly by TRIM22 and TRIM15 (REFS 22,38).
Positive selection
A process of natural selection that increases the frequency of beneficial mutations in a population.
TRIM5α-mediated restriction of uncoating of the viral pre-integration complex involves the recognition of sequences that are present on the viral capsid in the context of an intact mature viral core by the PRYSPRY domain 64, 65 . Although human TRIM5α is much less effective than rhTRIM5α in restricting HIV infection, it was found that a single amino-acid substitution in the PRY domain of the human sequence conferred potent HIV restriction ability to human TRIM5α (REFS 66,67), even though the 52-residue region of the PRY domains of the monkey and human proteins still differed by 14 amino acids 67 . The gene that encodes human TRIM5α is located on chromosome 11, in a small cluster of closely related TRIM genes (TRIM22, TRIM6 and TRIM34) (TABLE 2) . Interestingly, evolutionary genetic analyses showed that TRIM5 and TRIM22 have evolved under positive selection, whereas the linked TRIM6 and TRIM34 genes have not. This selection has been directed to the portion of the PRYSPRY domain that is involved in the recognition of capsid proteins 68 , such that TRIM22 specifically binds to the HIV capsid and induces the inhibition of HIVparticle production 22 . By contrast, mutations in the common human TRIM5α variants that are structurally remote from those that were found to be evolutionarily selected had no effect on HIV disease progression 69 and therefore are not indicative of selective pressures.
TRIM5α is normally located in distinct, dynamic cytoplasmic clusters that are termed cytoplasmic bodies, and its expression is rapidly turned over. Following infection with HIV, these cytoplasmic bodies form around the HIV pre-integration complexes, and this is a requisite Nature Reviews | Immunology , are depicted on the left. Human tripartite motif-containing (TRIM) family members that are known to inhibit specific stages of the cycle are shown alongside. TRIM family members that are known to affect viral entry, viral gene expression or viral release, but for which the exact stage affected is not known, are shown on the right. Here, the definition of viral entry includes events from binding and fusion of the virus to its cellular receptors to the expression of viral proteins. Viral release relates to the presence of infectious virus or virus-encoded proteins in the supernatant of cultured infected cells 22, 38 . The TRIM proteins that affect gene expression include those that might affect viral transcription or translation from the integrated provirus. Proteins with moderate inhibitory or promoting effects are listed in parentheses. PML, promyelocytic leukaemia.
p53
A major transcription factor that is activated by numerous genotoxic insults and subsequently induces cell-cycle arrest, cellular senescence or apoptosis. p53 is frequently mutated or functionally inactivated in cancer.
Plasmacytoid DC
A dendritic cell (DC) that is morphologically similar to the antibody-producing plasma cell and produces very high levels of type I interferons (IFNs) in response to viral infection and Toll-like receptor (TLR) stimulation. Plasmacytoid DCs express TLR7 and TLR9, but low levels of TLR3, and the induction of type I IFNs by plasmacytoid DCs does not seem to rely on the retinoicacid-inducible gene I (RIG-I) signalling pathway. step in retroviral restriction 70 . In the cytoplasmic bodies, TRIM5α, which has e3 ubiquitin ligase activity, becomes autoubiquitylated and is rapidly degraded by the proteasome, whereas the pre-integration complexes seem to remain ubiquitin-free. The insertion of TRIM5α into the capsid lattice of the viral cores, and the subsequent displacement of the capsid lattice during proteasomal degradation of TRIM5α, could destabilize it, thereby causing it to dissociate into individual capsid proteins in the absence of direct capsid protein degradation 70, 71 . TRIM5α-mediated loss of the capsid protein is thought to be proteasome dependent, as the HIV-TRIM5α complexes remain intact in the presence of a proteasome inhibitor 65 . Unexpectedly, the levels of TRIM5α expression in cultured cells are negatively affected by TRIM11 and TRIM34, which have been found to colocalize with TRIM5α in cytoplasmic bodies 38 . It has been suggested that TRIM11 might achieve this effect by promoting the degradation and repressing the transcription of TRIM5α, similar to its effects on other cellular proteins 18, 72 . It is not known whether repression of TRIM5α expression by TRIM11 and TRIM34 facilitates HIV replication in vivo.
Recently, an active TRIM5 protein was identified in rabbits 45 . Rabbit TRIM5 was found to be closely related to the TRIM5 proteins of primates and cattle, and similarly restricts the replication of multiple unrelated retroviruses, which suggests that they evolved from a common ancestral gene. The finding that the genome of rabbits contains an endogenous type K lentivirus 73 indicates that lentiviruses might have been the driving force that was responsible for the conserved antiviral activities of TRIM5 orthologues.
Domain-dependent effects of TRIM proteins on HIV.
Although many TRIM proteins contain e3 ubiquitin ligase activity (TABLE 2) , the importance of this function in restricting HIV replication has only recently been assessed 38 . The antiviral activities of TRIM11 (REF. 38 ) and TRIM22 (REF. 22 ) were found to be crucially dependent on a functional e3 ubiquitin ligase (RING) domain. TRIM62 was shown to promote the release of HIV from infected cells, and a TRIM62 protein that has a mutation in its RING domain was more active than the native protein in promoting HIV release 38 . However, the inhibitory activity of TRIM15 on viral release was unaffected by the loss of e3 ubiquitin ligase activity 38 . Intermolecular and intramolecular interactions have also been shown to be important for the functions of individual TRIM family members. The antiviral function of TRIM15 was found to require the interaction of its B-box domain with the HIV Gag precursor protein 40 . In addition, HIV capsid recognition by the TRIM5α SPRY domain was significantly affected by alterations in B-box 2 sequences 26 . By contrast, TRIM5α trimerization, which is required for the formation of cytoplasmic bodies, is dependent on the coiled-coil domain 34 . PML, one of the best studied TRIM family members, also inhibits the growth of numerous RNA and DNA viruses 32, 33 . PML is required for the formation of nuclear bodies that contain a large number of proteins, some of which are present constitutively, whereas others are present only transiently. PML is expressed as a family of alternatively spliced isoforms that are associated with specific activities, which include the cellular processes of oncogenesis, DNA-damage and stress responses, apoptosis, senescence, and resistance to viral infections. PML expression is induced by IFNs in many cells 74 . Induction of PML expression by macrophages and dendritic cells (DCs) requires IFN-regulatory factor 8 (IRF8) 75 , as well as several other proteins from the nuclear bodies, including SP100 and p53. Conjugation of SUMO to PML is required for its localization to the nuclear bodies 76 . The contributions of PML and nuclear bodies to defence against various RNA viruses is conferred through p53-dependent and p53-independent pathways. More specifically, resistance to infection by the human foamy retrovirus, vesicular stomatitis virus, rabies virus, lymphocytic choriomeningitis virus and influenza virus is p53 dependent, whereas resistance to infection by polio virus is p53 independent 32 . A role for PML in the defence against RNA viruses is supported by the observation that some of the viruses have evolved distinct mechanisms to counteract the repressive effects of PML and nuclear bodies 77, 78 . The relationship between DNA viruses and PML and nuclear bodies is more complex. This is because nuclear bodies are closely associated with 'replication compartments' for viral DNA, and regulatory proteins of large DNA viruses (such as adenoviruses and herpes viruses) sometimes localize to and disrupt the structure of the nuclear bodies 32, 79 . In addition, the genomes of smaller DNA viruses that do not disrupt nuclear bodies are sensitive to cell-mediated repression. Interestingly, herpes simplex virus encodes a regulatory protein, ICP0 (also known as RL2), that has a RING domain with e3 ubiquitin ligase activity. ICP0 localizes to nuclear bodies, degrades PML and blocks PML-mediated inhibition of viral gene expression and virus production 80 . The relationship between PML, nuclear bodies and RNA or DNA viruses must be interpreted with caution as it is often based on the study of only some PML isoforms and at expression levels that may not be physiological, such as those based on overexpression studies or on studies using PML-or p53-deficient mice 32 . It is, however, clear that PML and its involvement in the structure and function of nuclear bodies influence a wide range of cellular pathways that are involved in the defence against many RNA and DNA viruses.
TRIM proteins and IFN
Type I and type II IFNs have potent antiviral and antimicrobial activities 3, 4, 81 . Type I IFNs (IFNα and IFNβ) are produced in large amounts by plasmacytoid DCs and other types of DC [82] [83] [84] , as well as by other cell types after viral infection. Type II IFN (IFNγ) is synthesized by natural killer (NK) cells and T cells in response to IL-12 and type I IFNs. Both types of IFN act through JAK (Janus kinase)-STAT (signal transducer and activator of transcription) signalling pathways and induce the transcription of a large, overlapping set of target genes that collectively establish innate immunity [3] [4] [5] [6] . IFNs have
14-3-3σ
A member of a family of conserved proteins that are present in all eukaryotic organisms and are involved in diverse cellular processes, such as apoptosis, intracellular signalling and cell-cycle regulation. 14-3-3 proteins function as adaptors in protein interactions and can regulate protein localization and enzymatic activity.
a particularly important role in activating many of the innate immune functions of macrophages and DCs, and in promoting the initiation of adaptive immunity. In addition, IFNs induce the expression of many TRIM family members (FIG. 2, TABLE 2 ).
Induction of TRIM proteins by IFNs. Studies of human monocytes and macrophages stimulated with IFNγ and the TLR4 ligand lipopolysaccharide showed that the expression of 26 of the 44 TRIM genes that were examined was upregulated 85 . An analysis of mouse primary macrophages, DCs and T cells showed that 17 of 28 TRIM genes tested were upregulated following infection with influenza virus or induction of TLR signalling in a type-I-IFN-dependent manner 8 . In support of a direct responsiveness to IFNs, the promoters of some of the TRIM genes, including TRIM5, have an IFN-stimulated response element (ISRe) that drives transcription 86 . These data highlight the close relationship between some TRIM proteins and host defence, and suggest that responses that are directed against pathogens reflect the selective forces that could drive the evolution of the TRIM family.
Given that IFN responses vary between different cell types and are modulated by various signalling pathways 87 , it is likely that the expression of additional TRIM genes is IFN responsive and is modulated by related signalling mechanisms. Importantly, of the many TRIM proteins that have been reported to have antiretroviral activities 22, 38 , IFN responsiveness has been directly shown only for TRIM5α, TRIM22 and PML 22, 74, 88 . These observations are consistent with early studies showing that type I IFNs inhibited HIV replication 89, 90 . Although the mechanisms by which IFNs exert antiretroviral activities remain elusive, it is becoming clear that TRIM family members are prominent mediators of these antiretroviral activities.
Some TRIM genes that are stimulated by IFNs regulate signalling pathways that affect innate immunity. Although this line of research is still in its infancy, the available literature indicates that TRIM proteins are broadly involved in various steps of these signalling pathways. (FIG. 2) and to inhibit SOCS1-mediated downregulation of IFNγ signalling in transfection experiments. Although e3 ubiquitin ligase activity has not been shown for TRIM8, co-expression of TRIM8 with SOCS1 promoted SOCS1 degradation, which suggests that TRIM8 destabilizes SOCS1, thereby resulting in the downregulation of SOCS1 activity following IFNγ stimulation.
TRIM proteins in PRR signalling pathways More than 13 TLRs sense various pathogen components and trigger signalling pathways that activate NF-κB, IRF3 and IRF7 (REFS 1,2) . NF-κB stimulates the expression of pro-inflammatory cytokines, whereas IRF3 and IRF7 activate IFN transcription. In addition, viral RNAs are recognized by RNA helicases of the retinoic-acid-inducible gene I (RIG-I) signalling pathway 91, 92 . Recent literature has provided the first evidence that TRIM proteins are involved in regulating these pathways (FIG. 3) . (TABLE 1) . TRIM25 ubiquitylates the cell-cycle regulator 14-3-3σ (also known as stratifin), which results in negative regulation of cell-cycle progression 93, 94 . In addition, TRIM25 can conjugate ISG15 to 14-3-3σ (REF. 23 ). A recent study shows an important role for TRIM25 in the RIG-I pathway 17 . TRIM25 interacts with the caspase-recruitment domain (CARD) of RIG-I through its PRYSPRY domain, which results in the ubiquitylation of RIG-I and, consequently, the induction of type I IFN production and NF-κB activity 17 . Interestingly, a recent paper described the ISGylation of RIG-I 95 , which suggests that TRIM25 may be involved in both the ubiquitylation and the ISGylation of RIG-I and therefore might have a role in both positive and negative regulation of type I IFN signalling. As other proteins in the PRR pathways contain CARDs, TRIM25 may also regulate the activity of other proteins that are involved Nature Reviews | Immunology . TRIM21, which is activated by IFNs, interacts with IFN-induced IRF8, which leads to its ubiquitylation 105 . Ubiquitylated IRF8 then increases transcription from the promoter of IL12p40 (interleukin-12, p40 subunit) and presumably increases the transcription of other target genes, including PML (promyelocytic leukaemia). IRF8 is also ubiquitylated by Casitas B-lineage lymphoma (CBL), which leads to proteasome-mediated degradation 119 . IFNAR, IFNα receptor; IFNGR, IFNγ receptor; JAK, Janus kinase; TYK2, tyrosine kinase 2; Ub, ubiquitin. (FIG. 3) , which ultimately reduced the induction of pro-inflammatory cytokine expression. As TRIM30α expression is upregulated by viruses and TLRs in an IFN-dependent manner 8 , this inhibition may represent a post-activation state of negative regulation of NF-κB activity. Because TAK1 has a crucial role in activating NF-κB through other signalling pathways, such as those that are initiated by TNFR1 and IL-1R 97 , mouse TRIM30α might have a role in regulating inflammation in addition to regulating TLR signalling. TRIM30α is a mouse-specific TRIM with no orthologue in humans, so the mechanism of TAK1 regulation probably differs between rodents and humans. However, it remains possible that TRIM proteins in humans have a similar role in regulating NF-κB activity.
Ubiquitylation of RIG-I. TRIM25 is an IFN-inducible member of the C-IV family of TRIM proteins
TRIM27, also known as the ReT finger protein, was shown previously to interact with the tumour-suppressor protein retinoblastoma 1 and with the Mi-2β-containing histone deacetylase complex to repress transcription 98, 99 . More recently, it was reported that TRIM27 interacts with the IKK family of kinases and regulates both NF-κB-mediated and IRF-mediated gene expression 100 . This study also showed that TRIM27 interacts with three IKK proteins -IKKα, IKKβ and IKKε -and with TBK1 (TRAF-family-member-associated NF-κB activator (TANK)-binding kinase 1). These interactions with IKKs seem to take place in the cytoplasm and prevent IKK-mediated nuclear translocation of IRF3 without inhibiting its dimerization 100 . Overexpression of TRIM27 inhibits NF-κB-driven and IRF3-driven reporter gene expression, whereas this transcription was increased by small interfering RNA (siRNA)-mediated knockdown of TRIM27 expression. This suggests that TRIM27 negatively regulates the function of both NF-κB and IRF3. The mechanism by which TRIM27 regulates the activity of IKKs is currently unknown; however, because inhibition was observed in a TRIM27 mutant that lacked the RING domain, this function may not involve its e3 ubiquitin ligase activity 100 . In addition, TRIM27 was shown to interact with SUMO-conjugating e3 ubiquitin ligases of the PIAS (protein inhibitor of activated STAT) family and to become sumoylated, which changed its distribution and activity 101 . Given that PIAS1 and PIAS3 are involved in STAT1-and STAT3-mediated cytokine signalling 102 , the function of some TRIM proteins, including TRIM27, may be closely linked to sumoylation and ISGylation. It was recently shown that nitric oxide promotes the degradation of PIAS3 through ubiquitylation by TRIM32 (REF. 103 ). Given that IFNs stimulate the production of nitric oxide, it is possible that the TRIM family has a role in regulating SUMO-dependent pathways that contribute to innate immunity. Nature Reviews | Immunology (TLR2, TLR4 and TLR5) and on endosomes (TLR3, TLR7, TLR8 and TLR9) activate downstream signalling pathways that lead to the activation of nuclear factor-κB (NF-κB), interferon (IFN)-regulatory factor 3 (IRF3) and IRF7. This induces the expression of type I IFNs and pro-inflammatory cytokines, such as tumour-necrosis factor (TNF), interleukin-1 (IL-1) and IL-6. Binding of double-stranded RNA or 5′ phosphorylated single-stranded RNA by the RNA helicases retinoic-acid-inducible gene I (RIG-I) and melanoma differentiation-associated gene 5 (MDA5), respectively, also activates the two pathways 91 . Tripartite motif-containing protein 30α (TRIM30α) binds to TAK1 (transforming growth factor-β (TGFβ)-activated kinase 1) and destabilizes TAK1-binding protein 2 (TAB2) and TAB3 to inhibit NF-κB activation 96 . TRIM27 binds to IκB (inhibitor of NF-κB) kinases (IKKs) and blocks the activation of NF-κB and of IRF3 and IRF7 (REF. 100 ). TRIM25 binds to RIG-I to conjugate ubiquitin, thereby promoting the activation of downstream pathways to increase cytokine induction 17 . IPS1, IFNB-promoter stimulator 1; IRAK, IL-1-receptor-associated kinase; MAL, myeloid differentiation primary-response gene 88 (MyD88)-adaptor-like protein; TBK1, TNF-receptorassociated factor (TRAF)-family-member-associated NF-κB activator (TANK)-binding kinase 1; TRAM, Toll/IL-1-receptor-domain-containing adaptor protein inducing IFNβ (TRIF)-related adaptor molecule; Ub, ubiquitin.
Systemic lupus erythematosus
(SLE). SLE is a multigenic, chronic and potentially fatal autoimmune disorder that is characterized by a broad range of clinical abnormalities. SLE can affect nearly all components of the immune system.
Regulation of cytokine gene transcription by TRIM21. TRIM21, an IFN-inducible TRIM family member, has long been known as an autoantigen (RO52 or SS-A) that is recognized by antibodies in the sera of patients with Sjögren's syndrome and of patients with systemic lupus erythematosus (SLe) 104 . TRIM21 mostly resides in the cytoplasm, although low levels are expressed in the nucleus, and it binds to the Fc region of IgG 12 , which could contribute to the pathogenesis of these diseases. Recently, TRIM21 was shown to interact with the transcription factor IRF8 following stimulation by IFN and TLR ligation, which suggests a role for this protein in innate immunity 105 (FIG. 2) . This interaction, which occurs in the nucleus, stimulated the ubiquitylation of IRF8 and increased the ability of IRF8 to drive Il12p40 gene transcription in mice. Supporting the hypothesis that TRIM21 mediates IRF8 ubiquitylation, TRIM21 was shown to act as an e3 ubiquitin ligase for itself and other proteins 106, 107 . Consistent with the observation that TRIM21 interacts with IRF8 in the nucleus, TRIM21 was shown to accumulate in the nucleus of various human cells that had been stimulated with type I IFNs 108 . The ability of ubiquitylated IRF8 to increase cytokine expression is consistent with earlier studies that showed that ubiquitylation can increase the activity of some transcription factors 109 . As IRF8 regulates the expression of several other genes that are important for innate immunity, including those encoding type I IFNs, MHC class II molecules, inducible nitric-oxide synthase and natural-resistance-associated macrophage protein 1 , TRIM21 may have a broader role in host defence than is currently appreciated. IRF8 may also link TRIM21 to PML, as the expression of IRF8 is required for PML expression by macrophages and DCs 75 . A recent study reports that TRIM21 ubiquitylates IRF3 following activation, which leads to its degradation 113 . Furthermore, IRF8, alone or together with IRF4, modulates B-cell development and function at multiple stages of differentiation 114, 115 . As TRIM21 is expressed by lymphocytes, myeloid cells and DCs, it might also regulate IRF8 activity in B cells 114 . It is therefore possible that a role for TRIM21 as an autoantigen might be, in part, due to its regulation of the function of IRF8.
In addition, TRIM21 may regulate T-cell activation or proliferation, as overexpression of TRIM21 was shown to increase IL-2 production by CD28-stimulated Jurkat T cells 116 . Interestingly, TRIM68, which is encoded by a gene that is adjacent to TRIM21 and has a structure that is similar to TRIM21, is another autoantigen (SS-56) that is found in patients with Sjögren's syndrome and SLe 117 . This raises the possibility that TRIM21 and TRIM68 may have similar functions.
Concluding remarks
The versatility of the TRIM proteins is due to their diversity, splicing variants, differences in tissue expression and subcellular localization, but also to the increasingly well understood interactions of their N-terminal and C-terminal domains with other proteins. Their biological effects are also reflected in their ability to interact directly with viral components, either alone or in combination with other cellular proteins, and to modulate signalling pathways that are triggered by the engagement of PRRs. This downstream regulation affects the expression of both type I and type II IFNs, and of cytokines that are involved in pro-inflammatory responses and in promoting different aspects of the adaptive immune response.
At present, our knowledge of the mechanisms by which the TRIM family proteins restrict viral growth and influence signalling pathways is limited. This is due, in part, to our imperfect ability to piece together the functions of the different domains that mediate ubiquitylation, ISGylation and sumoylation, the nature of the ubiquitin-conjugating enzyme (e2) and its target proteins, the modes of modification that inhibit or increase activity, and the counterbalancing activities of the large families of deubiquitylating enzymes. Structural studies will have an increasingly important role in providing a detailed picture of the protein-protein interactions between members of this family that are important in innate and adaptive immunity. Finally, progress in this field may open new horizons for developing strategies to prevent or combat infectious diseases, inflammatory conditions and autoimmune disorders. 
